• Magnetic energy release is due to reconfiguration of large-scale currents • Energetically important coronal currents are unneutralized • A flare-associated current is driven by the electromotive force 
Introduction
Solar flares are magnetic explosions: magnetic energy builds up through currents stored in the corona above an active region over days to weeks, and is partly converted into kinetic energy over 10 2 -10 3 s during a flare. This review is concerned with the roles these currents play in the impulsive phase of a flare, and also in coronal mass ejections (CMEs) that are associated with some flares. These roles are obscured or treated incorrectly in many older models for flares. Specifically, the currents are obscured in two-dimensional (2D) versions of the "standard" model, and the currents are treated incorrectly in most circuit models. Such models are also stationary, in the sense that they include no intrinsic time dependence, whereas an essential ingredient in a magnetic explosion is the time-changing magnetic field. The only effective tool available to describe time-dependent global electrodynamics is the integrated form of Maxwell's equations. The time-dependent magnetic field implies an electromotive force (EMF) (The integrated form of Faraday's equation implies that for any closed path the EMF, Φ, which is the line-integral of the electric field around the closed path, is equal to minus the rate of change of the magnetic flux enclosed by the path.) that drives a flare-associated current, against which it does the work that results in the magnetic energy release. However, these essential ingredients, specifically the EMF and the flare-associated current, are either implicit or missing in most flare models. An intrinsically time-dependent description of the electrodynamics must involve circuit-like ingredients, without the misleading assumptions made in most circuit models. Currents play a different role in a CME, whose acceleration can plausibly be attributed to a current-current force.
The flare energy output [e.g., Svestka, 1976; Tandberg-Hanssen and Emslie, 1988; Somov, 1992; Aschwanden, 2004] ranges, from one flare to another, over many orders of magnitude. Much emphasis is placed on the most energetic flares ("big-flare syndrome"), rather than the much more frequent, less energetic flares. Flares are classified A, B, C, M or X (e.g., according to the peak energy flux in 100 to 800 picometer X-rays measured on the GOES spacecraft near the Earth, with class A < 10 −7 W m −2 and class X > 10 −4 W m −2 ), with the rate of occurrence of flares decreasing rapidly with increasing energy output. The released magnetic energy appears as kinetic energy, in energetic particles, mass motions and heat. All flares have an impulsive phase, in which the energy released goes predominantly into "bulk energization" of a copious number of 10-20 keV electrons, which produces the main signatures of a flare: hard X-ray bursts (HXBs), Hα emission (and white light in some energetic flares) by precipitating electrons, and type III radio bursts by escaping electrons. The area that brightens in Hα correlates with the energy released, and underlies the reference to flare class in terms of size, with A being smallest and X being largest. There is a long-standing "number problem" [Brown, 1971 [Brown, , 1976 in that many more electrons precipitate, up to about 10 39 in a large flare, than were present in the coronal flux loop prior to the flare. Moreover, the rate of electron precipitation, N of order 10 36 s −1 , would imply an impossibly large current, e N, of order 10 17 A, requiring a "return current" to provide current neutralization [e.g., van den Oord, 1990] . The number problem and the return current problem need to be addressed in a realistic model for the energy release in the impulsive phase. For illustrative purposes, when discussing semi-quantitative aspects of the impulsive phase of a flare, the following numbers are chosen, reflecting a moderately large flare: total energy 10 24 J, power 10 21 W and rate of precipitation N = 10 36 s −1 of electrons with energy ε = 10 keV ≈ 10 −15 J. The current, which has long been known from vector magnetograms [Alfvén and Carlqvist, 1967] , is taken to be I = 10 11 A, and the EMF to be Φ = 10 10 V, such that the power is IΦ = ε N.
A flare with an associated coronal mass ejection (CME ) is said to be "eruptive". In an eruptive flare the energy goes predominantly into the CME; X-ray jets [Shibata et al., 1992] are another form of mass motion. CMEs and flares are associated, but not all flares are eruptive. The statistical probability of a CME increases from C class to X class [e.g., Compagnino et al., 2017] , but is not unity even for the largest flares. Which of flare and CME is cause and which is effect has long been (and remains) controversial. The acceleration of a CME can be attributed to a current-current force, which can be derived from the Lorentz force in an approach based on magnetohydrodynamics (MHD), whereas the EMF and bulk energization of electrons, due to a parallel electric field E [Holman, 1985] , require a nonfluid-based approach.
In brief, a flare model needs to explain the energy release into energetic electrons in the impulsive phase, and it needs to allow but not to require the acceleration of a CME or a jet. Currents play a central role in both these aspects of a magnetic explosion.
General properties of currents related to flares are discussed in Section 2, including some historical remarks on how relevant ideas evolved. The distinction between neutralized and unneutralized currents is emphasized. The "standard" model and circuit models for flares are discussed critically in Section 3. The description of magnetic energy in terms of currents, and how the energy changes during a flare is discussed in Section 4. The role of magnetic helicity in flares and CMEs is discussed in Section 5. The results are discussed in Section 6.
Currents in the solar corona
In this section I first comment on an early flare model, and how subsequent ideas relating to flares then developed, emphasizing the role of currents. I then introduce a classification of currents, identifying the currents that are energetically relevant to flares.
The role of currents in early flare models
An early model for "chromospheric flares" was proposed by Giovanelli [1946 Giovanelli [ , 1947 Giovanelli [ , 1948 . Two of the cartoons from Giovanelli [1948] are reproduced in Figure 1 . Based on his Fig. 1 , Giovanelli identified "two types of current system", one "in a sheet towards and through the neutral point" and the other "into and out from a sunspot", and in his Fig. 2 (not shown), he indicated the possible locations of neutral points. His Fig. 4 shows a quadrupolar structure in which he identified current paths along "AB, CD, EF, joining the major sunspots." There is a remarkable similarity between Giovanelli's ideas and modern ideas on magnetic structures and magnetic energy release, which is intrinsically three dimensional (3D) [Longcope, 2005; Pontin, 2011; Parnell et al., 2015] . Furthermore, Giovanelli [1948] discussed the inductive electric field explicitly and estimated its value, from which one can infer that the EMF is of order 10 9 V, similar to an earlier estimate of 10 10 V by Swann [1933] in a related context. Giovanelli's model motivated the development of ideas for magnetic reconnection by Dungey [1953 Dungey [ , 1958 , leading to the Sweet-Parker [Sweet, 1958; Parker, 1957] , Petschek [Petschek, 1964] and subsequent models for magnetic reconnection. These reconnection models are 2D, and the original version of the "standard" or CSHKP flare model [Carmichael, 1964; Sturrock, 1966; Hirayama, 1974; Kopp and Pneuman, 1976 ] based on them is also 2D. The current in any 2D model for a magnetic field is perpendicular to the 2D plane, precluding any discussion of current closure within a 2D model.
Classification of currents
It is helpful to distinguish transient currents and slowly-varying currents, depending on whether the time scale on which they change is less than or much greater than the timescale for a flare, and to separate slowly-varying currents that may be relevant to solar flares into three classes: 1) Currents that close below the photosphere: these currents produce only a potential magnetic field in the corona, and this potential component does not change during a flare because the timescale for currents below the photosphere to change is much longer than the timescale for a flare. 2) Currents confined entirely to the corona: by hypothesis such currents must close across field lines in the corona, requiring that the Lorentz force be balanced by a pressure force (or by inertia for a transient current), which is assumed negligible in "force-free" models for the coronal magnetic field; such currents cannot be significant energetically before or after a flare. 3) Currents that flow in coronal magnetic loops, flowing into the corona through the photosphere at one footpoint of the loop and flowing back through the photosphere at the other footpoint: such currents provide the magnetic free energy available to power a flare.
Currents in the third class can be further separated into two subclasses: 3a) Neutralized currents, in which there is a direct current and a return current flowing along the coronal loop, with the direct and return current closing across field lines at or below the photosphere. Such currents can build up after the flux loop has emerged, due to twisting or shearing motions. 3b) Unneutralized currents, in which there is no return current in the corona, with the current closing deep inside the Sun. The distinction between neutralized and unneutralized currents is important in distinguishing between flare models. On the one hand, a neutralized current is implicit in circuit models in which the driver is a photospheric dynamo which turns on at the start of the flare. On the other hand, the appearance of a new flux loop, as it emerges through the photosphere, suggests that it is already twisted [Leka et al., 1996] , implying that an unneutralized current is already flowing. How the current evolves in response to photospheric motions after the flux has emerged is still being debated [Török et al., 2014; Dalmasse et al., 2015] .
Are currents neutralized or unneutralized?
This question has been discussed recently from both observational [Georgoulis et al., 2012] and theoretical [Török et al., 2014] viewpoints, but nevertheless remains somewhat controversial. The original controversy [Melrose, 1995 [Melrose, , 1996 Parker, 1996] arose partly from the then new evidence that emerging flux tubes are twisted [Leka et al., 1996] , indicating that the (unneutralized) current is flowing in the flux tube before it emerges, rather than developing as a result of twisting or shearing after the flux tube has emerged. The observational question [Georgoulis et al., 2012] concerns whether vector magnetograms show that the upward and downward currents injected into a bipolar region are balanced separately on either side of the magnetic neutral line (neutralized) or only when integrated over a larger area that includes both bipoles (unneutralized). The theoretical question is whether the emergence of a flux tube that is neutralized below the photosphere leads to neutralized currents in the corona. This question has been explored through MHD simulations [Török and Kliem, 2003; Aulanier et al., 2005; Török et al., 2014; Dalmasse et al., 2015] , leading to the conclusion that the resulting coronal currents are substantially unneutralized when there is shear across the polarity inversion line. From a physical viewpoint, the answer to this question is important when considering both the free energy that is available in a flare, and the force that drives this energy release. In this paper, relevant currents are assumed to be unneutralized, but before making this assumption, it is relevant to comment further on implications of making the opposite assumption, that coronal currents are neutralized.
Neutralized currents
Two unrelated assumptions that would imply a neutralized coronal current are, first, that a coronal flux tube can be treated as an isolated entity and, second, that a coronal current is driven by a photospheric motion (a "photospheric dynamo").
Suppose that a current-carrying magnetic flux tube can be regarded as an isolated entity. In the idealized case of a cylindrical, force-free, current-carrying flux tube of radius R, an unneutralized current implies an azimuthal component, B φ = µ 0 I/2πr at r > R. This field outside the flux tube would lead to an interaction with any neighboring current-carrying flux tube through the Lorentz force J × B, where J is the current density in the neighboring flux tube and B is identified with the field B φ ; this violates the assumption that the flux tube is isolated. Current-neutralization is required to ensure B φ = 0 at r > R so that the flux tube is isolated from its neighbors. For any given radial current profile within the flux tube, it is always possible to construct a force-free surface current layer, at r R, to satisfy the neutralization condition B φ = 0 at r > R . For the purpose of further discussion, suppose the return current is confined to the surface, r = R, and compare the energy stored in a neutralized flux tube and an unneutralized flux tube with the same internal current profile and no return surface current. The magnetic energy stored inside of the flux tube, at r < R, is the same in both cases, and is determined by the integral of B 2 φ /2µ 0 over the volume of the flux tube. This internal magnetic energy is free energy, in the sense that it can be reduced to zero by a change in the current profile, such that the direct current becomes a surface current at r = R. In the neutralized case this corresponds to the direct and return currents cancelling, so that one has B φ = 0 at r > R. In the unneutralized case, a change in the current profile at r < R does not affect B φ at r > R. In the latter case, for a cylindrical model, the magnetic energy per unit length in the field B φ at r > R diverges logarithmically. Of course, this divergence is artificial and the magnetic energy associated with any realistic model for a closed current is finite. Although the cylindrical case is obviously over-idealized when discussing the energy, it does indicate how magnetic "free" energy can be stored in unneutralized currents. The current in a given flux tube implies B φ at r > R and the associated magnetic energy can change if the current is redistributed between flux tubes during a flare. In this idealized model, the axial magnetic field corresponds to the potential field due to subphotospheric currents which cannot change significantly during a flare. A semi-quantitative treatment of magnetic energy storage in unneutralized current systems is given by the multicurrent model in section 4.
Neutralized currents arise in models in which the coronal currents are assumed to be driven by a photospheric dynamo, that is, currents attributed to photospheric motions that twist or shear the magnetic field, cf. the circuit model Figure 3 . Consider a flux loop that initially has no current, and is subjected to a twisting motions: a torsional fluid motion is imposed (by some unspecified torque) at an "active" footpoint. The driving torque is opposed by a torque due to the Lorentz force, J × B, where the cross-field current is driven as a reaction to the imposed torque. If the torque is imposed suddenly, the resulting cross-field current propagates in an Alfvénic front [Melrose, 1992] to the other "passive" footpoint where it is reflected, with the reflection coefficient depending on the effective resistance of the reflection layer. Over many Alfvén propagation times, this resistance damps the Alfvénic front, resulting in a closed current loop that has direct and return paths along coronal field lines, closing across field lines at the active and passive footpoints due to the cross-field (Pedersen) conductivity of the reflection layer. In an idealized cylindrical model for a twisted flux loop, there is a direct current inside the flux loop, and a return current on its surface; in a more realistic cylindrical model, the direct and return current are both distributed in r such that the axial current reverses sign at some r [e.g., Melrose et al., 1994] . In the case of a shearing motion, similarly imposed on an arcade of flux loops, the direct and return currents can be on field lines either on the inside or the outside of the arcade [e.g., Dalmasse et al., 2015] .
Whether or not photospheric flows do twist and shear the coronal magnetic field and set up such a neutralized current is uncertain. An alternative interpretation is that twisting and shearing motions are only apparent, reflecting a rising twisted or sheared magnetic field [Leka et al., 1996] .
Return current
There is one flare-related context where current neutralization is required: a return current is needed to neutralize the direct current associated with precipitating electrons. The implied current ≈ 10 17 A greatly exceeds the maximum current in a coronal flux loop [Holman, 1985] , requiring a return current such that the net current is consistent with a redirected coronal current (≈ 10 11 A). Early models for the return current [Brown and Melrose, 1977; Brown and Bingham, 1984; Spicer and Sudan, 1984; van den Oord, 1990] assumed that it is co-spatial with the direct current. In these models, the precipitating electron beam was assumed to be turned on in the corona, and that the return current was attributed to ambient electrons accelerated by either an electrostatic or inductive electric field [van den Oord, 1990] in response to the postulated beam of electrons. Such a model cannot apply if the precipitating electrons are accelerated by a parallel electric field: the same parallel electric field cannot accelerate the precipitating electrons downward and the electrons in the return current upward on the same field line [Holman, 1985; Emslie and Henoux, 1995] , cf. also Fletcher and Hudson [2008] .
An unrelated criticism of return-current models is that (in the equations used) the motion of the ions is neglected, thereby precluding any role for Alfvén waves. When the ions are included, inductive effects propagate at the Alfvén speed. A plausible model is that, as the flare develops, the direct and return currents build up together, forming a closed current loop, with direct and return parallel currents on neighboring field lines and closure across field lines at two end points. Such a current system is familiar in standing-Alfvén-wave models for auroral arcs [Atkinson, 1970; Sato and Holzer, 1973; Maltsev et al., 1977; Mallinck-rodt and Carlson, 1978; Knudsen, 1996] . This analogy with the acceleration of auroral electrons suggests that the acceleration of electrons occurs due to a parallel electric field in the upward current region [e.g., Ergun et al., 2002] . In the application to a flare, the model requires a large number of neigboring up-and down-current paths [Holman, 1985; Melrose and Wheatland, 2014] . Specifically, with the numbers adopted here, 10 6 up and down currents of 10 11 A, each corresponding to 10 30 electrons per second, are required to give a net 10 36 s −1 precipitating electrons on the up-current paths. The down-current paths are due to chromospheric electrons drawn up into the corona. Such a model solves the "number problem" with the source of the electrons being the chromosphere, with the electrons precipitating at one footpoint probably drawn from the chromosphere at the conjugate footpoint [Emslie and Henoux, 1995] .
The direct current due to precipitating electrons and the return current that neutralizes it are transient, in the sense that they are present only during the impulsive phase. They are not relevant to magnetic energy storage in the corona, and may be regarded as part of the flare-associated current that flows in response to the EMF during a flare.
Current-current interactions
An essential ingredient in a flare model is the driver of the energy release; in a magnetic explosion the driver may be interpreted either as the EMF or as the Lorentz force. The equivalence of these two drivers is discussed below; here the interpretation in terms of the Lorentz force is adopted for the purpose of discussion. On a global scale this driver may also be interpreted as the current-current force between current-carrying flux loops. Consider two loops labeled 1 and 2. Let the magnetic field due to the current in loop 1 be B 12 at loop 2, resulting in a Lorentz force J 2 × B 12 on loop 2. Similarly, the Lorentz force on loop 1 is J 1 × B 21 , where the roles of 1 and 2 are interchanged. Such a current-current force is only present if the currents are unneutralized. If the current in either loop is neutralized, the magnetic field due to that current is zero (by hypothesis) outside the loop.
The qualitative effects of the current-current force operating between any two unneutralized currents can be understood by noting that like currents attract and unlike currents repel. Such forces were invoked for various purposes in the early literature on solar magnetic structures. One example is the Gold and Hoyle [1960] model for a flare; this model involves two magnetic loops with like currents and oppositely directed axial magnetic standard model for sol : the current-current force draws the two together and the energy release is attributed to annihilation of the axial fields. Another example is a model for the support of a filament against gravity due to the repulsion between the axial current in the filament and an oppositely directed current in a mirror image below the photosphere [Kuperus and Raadu, 1974; van Tend and Kuperus, 1978] . A related idea [Anzer, 1978] is a model for acceleration of a CME involving a current around a closed path, with the lower part of the path fixed in the photosphere: the force on the upper part drives the CME outwards.
More recently, the torus instability [Shafranov, 1966; Bateman, 1978] has been invoked in connection with the acceleration of a CME [Kliem and Török, 2006; Zuccarello et al., 2014 Zuccarello et al., , 2015 Myers et al., 2017] , cf. the detailed analysis by Démoulin and Aulanier [2010] . This is similar to the model of Anzer [1978] in that the acceleration is driven by the nonlocal, current-current force between unneutralized currents on opposite sides of the torus. Such driving by the current-current force applies only if the currents are unneutralized.
Flare-associated current
The EMF around any closed path tends to drive a current around this closed path. This current is referred to here as the flare-associated current. Currents cannot flow around most closed paths in the corona, and the EMF is relevant only for the path around which the current actually flows, and this is not known. Currents can flow freely only along field lines, and relevant field lines do not form closed paths in the corona. This suggests that the current path is along one set of field lines and back along another set of field lines, with cross-field current closure at two end points. However, cross-field currents can flow only under special circumstance in the corona, in response to an imposed force, and it is at best uncertain whether any significant current closure occurs in the corona. An alternative, assumed here, is that the end points are in the chromosphere, where cross-field current can flow and provide closure due to the Pedersen conductivity of the partially ionized plasma there.
The flare-associated current is an important concept that has been given little attention in the literature. Several further comments on it are appropriate. First, the net effect of the flare-associated current over the duration of a flare must be to change the initial current configuration into the final current configuration. Second, the current remains approximately field aligned, over most of its path, during a flare implying that the coronal current pattern and the coronal magnetic field pattern evolve together. Third, assuming that the actual crossfield current closure is in the chromosphere, a plausible model for the current path is analogous to the current-wedge model for a geomagnetic substorm [McPherron et al., 1973] . Such a model requires that the magnetic energy released in the corona get converted into an Alfvénic flux that transports it to the acceleration region near the chromosphere where it is transferred to energetic electrons [Haerendel, 2012; Melrose, 2012a,b; Wheatland, 2013, 2014] . Detailed magnetospheric models for the generation of the Alfvénic flux [Birn and Hesse, 1996; Birn et al., 1999; Vasyliunas, 2005] may provide a helpful guide as to how the released magnetic energy is converted into Alfvénic form in the solar-flare analog.
As remarked above, the flare driver can be interpreted either as the EMF or the Lorentz force, and the equivalence of these follows from the final two of the foregoing points. Locally, the rate magnetic energy is released per unit volume is the rate the Lorentz force does work, that is, v · (J × B) = J · E, where v is the plasma flow velocity and E = −v × B is the convective electric field. The localization of the EMF across regions of cross-field current flow implies that it can be identified with the line integral of −v × B in these regions. Thus one may regard the driver as either the Lorentz force doing work on the fluid, or as the EMF doing work against the current, with these being equivalent in ideal MHD.
Critique of standard and circuit models
The standard model and circuit models for solar flares are misleading in relation to the role of currents, due either to the currents being ignored or treated incorrectly.
Standard or CSHKP model
The standard model for solar flares, [e.g., Priest and Forbes, 2002; Shibata, 2005] , was developed primarily to explain eruptive flares. An example of the many cartoons used to describe the standard model for a solar flare is shown in Figure 2 . The reconnection leads to plasma outflow from the reconnection site, with the upward flow assumed to result in a CME [Sturrock, 1966] and the downward flow assumed to result ultimately in the various other signatures of a flare. There are two assumptions in the standard model that lead to the role of the current being obscured: the 2D assumption and an implicit steady-state assumption.
In 2D versions, such as the one illustrated, the current is perpendicular to its page, precluding any discussion of current closure. Although it has long been recognized that reconnection is intrinsically 3D [Greene, 1988; Lau and Finn, 1991] , the CSHKP model is still widely regarded as a "standard" model for solar flares. Only recently has the current been discussed explicitly in 3D versions of the standard model [e.g., .
From an electrodynamic viewpoint, a serious weakness in the standard model is that there is no time dependence, and hence no EMF. As a consequence, the actual driver of the flare is replaced by a proxy: steady-state inflows and outflows at appropriate boundaries, with ing electrons at a shock where the flow meets the closed loop, and upward in a CME [Forbes and Malherbe, 1986] .
nothing actually changing with time in the model itself. Not only the EMF but also the flareassociated current are excluded by the steady-state assumption in the standard model. It is essential that the current change, in order for magnetic energy to be released, and this ingredient is also either missing or is implicit in the boundary conditions. There are some notable exceptions where the time-dependence and the EMF are included in eruptive flare models that indicate how the energy is transferred to the motion of a CME [e.g., Martens and Kuin, 1989; Lin and Forbes, 2000; Janvier et al., 2015] . Nevertheless, how the required enormous EMF, of order 10 10 V, is to be included is ignored in most flare models.
Circuit models
Consider the circuit model in Figure 3 . Such models are misleading in several ways. First, as the figure on the left indicates, the current is assumed to have both a direct path and a return path through the corona, implying that this is a neutralized current. This current is assumed to close across field lines in the shaded region, which represents an assumed resistive layer at the photosphere. Such cross-field closure implies a Lorentz force that must be balanced by another force or by inertia in the photosphere. The model does not include a pressure force to balance this Lorentz force. If the Lorentz force is balanced by inertia, the cross-field current propagates away Alfvénically, implying that this current can be maintained at the photosphere only for an Alfvén propagation time, which is shorter than the days to weeks over which the stored magnetic energy builds up [Wheatland and Melrose, 1994] . The model is driven by a photospheric dynamo, indicated by the voltage source at one "active" footpoint in the circuit diagram on the right of Figure 3 . However, the assumption that the flare is powered by a photospheric dynamo is inconsistent with the flare being powered by release of magnetic energy stored in the corona. A further feature of the model is that the energy release is attributed to the turning on of a resistance, denoted by R(t), and the modeling of magnetic energy release in a flare in terms of a resistance in a circuit suggests that the power released goes into heat, whereas it goes into energetic electrons in the impulsive phase and into mass motion in an eruptive flare. [Spicer, 1982] discussed critically in the text.
The sudden turning on of a resistance in the corona was referred to as "current interruption" by Alfvén and Carlqvist [1967] , who assumed the resistance to be due to a double layer. However, the sudden turning on of a region of enhanced resistance, R c , in a currentcarrying coronal loop causes the current to be partly redirected around the the resistive region [Melrose, 1995; Parker, 1996] . Specifically, the turning on sets up a cross-field current and electric field that propagate away in Alfvénic fronts, which reflect from the footpoints and dissipate only over many Alfvén propagation times due to the assumed resistance at the reflection points [Melrose, 1992] . In a cylindrical model, the fraction of the initial current that is deflected around the resistance is R c /(R A + R c ), with R A = µ 0 v A /4π. The maximum dissipation occurs for R c = R A , and this energy is dissipated in the photosphere by the assumed resistance at the reflection points.
In summary, criticisms of the circuit model in Figure 3 include: the EMF is not treated correctly, being replaced by a photospheric dynamo, the current path is mis-identified, and the location and nature of the dissipation are mis-interpreted. Such criticisms have not only led to specific circuit models being viewed as unacceptable, but also to avoidance of circuit concepts altogether in discussing flare electrodynamics. However, some circuit concepts are essential ingredients in understanding the global electrodynamics. Criticisms of the circuit model in Figure 3 do not invalidate the concept that a flare can be interpreted in terms of an EMF driving a flare-associated current around a closed circuit.
Magnetic energy in terms of currents
An aspect of circuit models that needs to be retained in describing the electrodynamics of flares is the description of magnetic energy in terms of currents.
The total magnetic energy (in all space) due to a current J(x) confined to a volume V is [Jackson, 1975] 
giving
which may also be written as the energy density |B| 2 /2µ 0 integrated over the volume V plus a surface integral that is interpreted as the magnetic energy outside V due to the current inside V. The volume may be separated into that inside the Sun plus that of the corona, V = V in + V cor , but the double integral does not allow one to ignore the contribution from V in by assuming it to be a constant. One way of overcoming this difficulty is to replace V in by a mirror image of V cor [e.g., Kuperus and Raadu, 1974] . Such a model includes a (repulsive) current-current force between the coronal portion of the flux loop and its mirror image, and this force was invoked by Kuperus and Raadu [1974] to support a prominence against gravity. Melrose [1995] and Hardy et al. [1998] used such a model to estimate the energy change during a flare, with each coronal loop being modeled as a semi-torus.
In a multiple-current model, the continuous current in the corona is modeled as a sum of discrete currents. The total volume over which spatial integrals in equation (2) are performed is separated into a sum of discrete volumes each corresponding to the product of the integrals perpendicular and parallel to the local current path. For the ith discrete current, the integral over the cross section perpendicular to J gives the current, I i , and the cross section is assumed to adjust along the current path such that I i is constant. For a set of discrete currents with i = 1, 2, . . ., this allows equation (3) to be written as
where the M ij depend only on the geometry, defined by the way the total current is split up into discrete currents. The L i = M ii are self-inductances, and the M ij for i j are mutual inductances.
In the solar corona, the force-free condition implies µ 0 J = αB with α constant along magnetic field lines. The discrete volumes then correspond to discrete magnetic flux tubes. For the ith discrete volume one may write µ 0 I i = α i Ψ i , where Ψ i is the magnetic flux in the ith flux tube. A force-free magnetic field is said to be linear if all the α i are the same and nonlinear is the α i are different. The (nonlinear) force-free assumption allows the magnetic and current pattern in the corona to be calculated given the boundary conditions at the solar surface [Wiegelmann and Sakurai, 2012; Barnes et al., 2016] . For any such a model, the magnetic energy may be written in the form (3).
Single-loop model
During a flare, there is insufficient time for the magnetic field and the current inside the Sun (below the photosphere) to change significantly. The change in the current pattern in the corona may be described in terms of changes in the paths along which the discrete currents flow, that is, in terms of the geometry that determines the L i and M ij , and how this geometry changes during a flare. (Such changes require a change in the magnetic/current configuration at the footpoints of the flux loops; these changes occur in only a small fraction of the magnetic flux tube and are assumed to be unimportant in the overall flare energy budget.) The simplest example of magnetic energy release due to a change in the geometry without any change in the magnitude of the current is the shrinkage of a single current-carrying flux loop [Forbes and Acton, 1996; Fletcher and Hudson, 2008; Hudson, 2016] . This corresponds to equation (3) with only one current, I i . With L i proportional to the length of the current path, the stored magnetic energy is reduced due to the shortening of the length of the loop as it shrinks. However, it should be emphasized that any circuit model based on isolated flux tubes neglects essential physics (notably the interaction with neighboring flux tubes) that can only be included through detailed MHD modeling, and conclusions based on circuit models need to be treated with caution. One attempt to avoid this difficulty involves assuming that the magnetic structure remains fixed and current is transferred between flux tubes in a quadrupolar model [Melrose, 1997; Hardy et al., 1998 ].
Quadrupolar models
In a quadrupolar model, which consists of four footpoints and four loops connecting them, reconnection can allow transfer of magnetic flux and current between the loops, cf. Figure 4 .2, and also the right hand part of Figure 1 . Assuming that the I i do not change during a flare, the only changes are in the geometry, corresponding to changes in the current paths, implying a change in
Energy is available to drive the flare if E ′ mag < E mag , with E ′ mag defined by equation (3) with M ij → M ′ ij . As in a single-loop model, favorable conditions for the release of magnetic energy involve a reduction in the total current path, such as occurs in shrinkage of the magnetic/current pattern in a single loop following reconnection. However, a reduction in the net current path is not essential: a change in the orientation of loops without any change in shape can lead to magnetic energy release through a change in mutual inductances [Khodachenko et al., 2009] .
A version of the quadrupole model has been used to identify the most favorable configurations for release of magnetic energy [Melrose, 1997; Hardy et al., 1998; Aschwanden et al., 1999] . In this version the geometry is fixed, with the four flux tubes shown in Figure 4 .2 not changing in shape or location during the flare; the only change is in the way the current is distributed between the four flux tubes. Let the currents in the flux loops between footpoints (1+, 1-), (2+,2-), (1+, 2-), (2+,1-) be, respectively, I 1 , I 2 , I 3 , I 4 pre-flare and I ′ 1 , I ′ 2 , I ′ 3 , I ′ 4 post-flare. The boundary condition that the current at each of the four footpoints not change requires I 1 + I 3 = I ′ 1 + I ′ 3 at footpoint 1+, and analogous relations at the other three footpoints. These boundary conditions require that the current, ∆I i = I i − I ′ i , gained or lost at each of the four footpoints be the same apart from sign: ∆I 1 = ∆I 2 = −∆I 3 = −∆I 4 = ∆I say. The current transfer, ∆I, in this model changes the magnitudes of the currents in each of the four loops, without changing the current at each of the four footpoints. Favorable conditions for maximum magnetic energy release [Hardy et al., 1998; Aschwanden et al., 1999] may be summarized qualitatively as configurations that favor current transfer from longer to shorter loops. This version of a quadrupolar model does not include any intrinsic timedependence: it is based on assumed pre-and post-flare configurations, and does not include the time-dependent processes involved in the transition between these configurations.
Time-dependent inductances
The discrete model, cf. equation (3), may be used to discuss some aspects of the time dependence during a flare [Khodachenko et al., 2009] . The magnetic energy must decrease, and if the currents are all assumed constant in magnitude during a flare, the time dependence is in the geometric configuration of the current paths, described by time-dependent M ij . The magnetic flux associated with the ith circuit is Ψ i = j M ij I j , and the rate of change of this magnetic flux gives the EMF in the ith circuit
where a dot denotes a time derivative. The power in a flare is then described by
In the single-loop model discussed above, the rate of change of the magnetic energy is − 1 2 L i I 2 i . Noting that L i has the dimensions of a resistance, it might be tempting to identify it as an effective resistance that describes the implicit energy sink. Conversely, given a specific model for the conversion of magnetic energy into other forms, the power − 1 2 L i I 2 i can be equated to the power appearing in these other forms. One can then identify − 1 2 L i as the effective resistance for this conversion process.
As remarked above, the flare-associated current is driven by the EMF, such that the power released is identified as the rate at which this current does work against the EMF, but the path of this current is not known. A constraint of the path of the flare-associated current is implicit in a multiple-loop model with fixed currents and time-varying current paths. As indicated by the faint lines in the right-hand diagram in Figure 4 .2, the reconfiguration of the current is attributed to magnetic reconfiguration of current-carrying magnetic field lines, which propagate from their initial to their final locations during the flare. There are several qualitative implications that need to be included in any future detailed version of this model.
• The flare-associated current involves redirection of existing currents, rather than the generation of an intrinsically new current, implying that its maximum magnitude is of the same order as the pre-existing current, I ≈ 10 11 A.
• The reconfiguration involves motions of magnetic flux tubes, and the speed of such motion is less than the Alfvén speed v A , implying that the rate of change of the length of a flux tube, ℓ, can be written as ℓ = ζ v A , with ζ 1.
• The rate of reduction in the stored magnetic energy is then dissipation-like with the resistance replaced by ζ µ 0 v A , where µ 0 v A is sometimes called the Alfvén impedance, by analogy with the vacuum impedance µ 0 c. • Effective dissipation of the flare-associated current requires that it be redirected so that it closes across field lines in the chromosphere, similar to the current-wedge model for the current in a substorm [McPherron et al., 1973] .
This final dot point is related to the supply of electrons for acceleration. As in the currentwedge model, the energy is assumed to be stored in a large volume, released through reconnection in a localized region, with the released energy converted into Alfvénic form [Birn et al., 1999] and transported downward until it is transferred to energetic electrons. The acceleration of the electrons is attributed to a parallel electric field [e.g., Haerendel, 2012; Melrose, 2012a] in an acceleration region that is separate from the current-closure region in the partially ionized plasma below. The long-standing "number problem" [Brown, 1971 [Brown, , 1976 requires that during the flare the corona be continuously resupplied with electrons from the chromosphere replacing the precipitating accelerated electrons. The high density of the precipitating electrons [Krucker et al., 2011] is consistent with a model in which the source of the accelerated electrons is upflow from the chromosphere. The acceleration is due to the EMF becoming localized along field lines on the upward current paths; the total Φ = 10 10 V separates into potential changes of 10 4 V along 10 6 upward current paths [Holman, 1985; Melrose and Wheatland, 2013] , and the electrons are accelerated by the resulting E just above the chromosphere [Haerendel, 2012; Melrose, 2012b; Melrose and Wheatland, 2013] on each upward current path, analogous to the acceleration of auroral electrons just above the ionosphere. The effective rate of dissipation is then identified in terms of the power going into electrons through the acceleration by E . From Démoulin et al. [2006] .
Helicity in flares and CMEs
Magnetic helicity is an important concept in flare physics: it can be estimated quantitatively from observation [e.g., van Driel-Gesztelyi et al., 2003] , and it is conserved during magnetic reconnection [Moffatt, 1969; Berger and Field, 1984] . Conservation of magnetic helicity provides an additional constraint on the currents during magnetic energy release in a flare. It was suggested [Melrose, 2004] that this condition can be imposed in a multiplecurrent model by relating the self and mutual helicities to the self and mutual inductances in a force-free model, but the assumed relation between helicities and inductances was shown to be incorrect [Démoulin et al., 2006] . Corrected forms for the helicity, the helicity budget of the Sun and the helicity in CMEs are discussed in this section.
Magnetic helicity for force-free currents
The magnetic helicity, H, may be written as a double integral analogous to the magnetic energy in equation (1):
where the latter relation allows one to express H in terms of B [Moffatt, 1969; Démoulin et al., 2006] :
The force-free assumption implies
with α(x) constant along each current line. The helicity for a force-free field follows by substituting equation (8) into the relation (7).
Démoulin et al.
[2006] discussed the evaluation of H for a collection of flux tubes within a finite volume, treating closed and open flux tubes separately. For a collection of flux tubes that close within the volume, equation (7) can be reduced to [Berger and Field, 1984] 
where Ψ i is the magnetic flux in the ith flux tube, and with T i and L ij identified as the self and mutual helicities. Although equations (3) and (9) have similar forms, the inductances and helicities are not related, even for a force-free magnetic field. A simple counter-example is shown in Figure 5 .
The self helicity in a single flux loop can be written [Berger and Field, 1984] 
mag , where T is the twist (of magnetic field lines about the axis of flux tube) and W is the writhe which is associated with the shape of the axis of the flux tube [Berger and Prior, 2006] . During reconnection, twist can be partly converted into writhe with the total helicity conserved. The conversion of twist into writhe occurs in the kink instability, in which the writhe of the axis of the flux tube grows exponentially, underlying the kink-instability model for the formation of a CME [Sakurai, 1976; Török et al., 2004; Fan, 2005] .
Helicity budget
Rising current-carrying flux tubes transport magnetic energy and helicity through the corona into the solar wind. Over a solar cycle it is estimated that H = 10 47 Mx 2 is injected into the corona (the units of H are the same as those of magnetic flux squared, Wb 2 , and in the solar literature are usually expressed in gaussian units, Mx 2 , with 1 Mx = 10 −8 Wb) and that 10 45 Mx 2 is transported away by CMEs [Berger and Ruzmaikin, 2000] . The injection of helicity is predominantly through the emergence of new current-carrying flux tubes. There is an upper bound on the helicity that can accumulate in a flux loop [Zhang et al., 2006] , leading to the suggestion that the build-up of H triggers a CME when this bound is exceeded. A specific instability is needed to account for the sudden release of a CME, and either the kink instability [Sakurai, 1976; Török et al., 2004; Fan, 2005] or the torus instability [Anzer, 1978; Kliem and Török, 2006; Zuccarello et al., 2014 Zuccarello et al., , 2015 Myers et al., 2017] is favored.
Discussion
The role of currents in the solar flares and CMEs that follows from the foregoing discussion may be summarized as follows:
• The "free" magnetic energy available for release in a solar flare is stored in currents flowing in coronal magnetic loops.
• The energetically important currents flow from one footpoint of the loop to the other, and close deep inside the Sun.
• Release of stored magnetic energy is due to reconfiguration of the current system, resulting in a net reduction in the effective current path (a magnetic "shrinkage"), rather than a net reduction in the current (a "current interruption").
• Currents flow predominantly along field lines, and a reconfiguration of the current system is associated with a reconfiguration of the magnetic field.
• A flare is magnetically driven: the EMF due to the changing magnetic flux drives a flare-associated current, and the power released is equal to the rate work is done by the EMF against this current; the driver may also be interpreted as the Lorentz force doing work against a fluid flow.
• The net effect of the flare-associated current over the duration of the flare is to change the pre-flare current configuration into the post-flare current configuration.
• Cross-field current flow is ineffective in closing the flare-associated current in the corona; the current is redirected along field lines to the chromosphere and back, closing across chromospheric field lines due to the Pedersen conductivity.
• The EMF localizes along field lines on a large number of up-current paths above the chromosphere, resulting in the "bulk energization" of 10-20 keV electrons that produce the various signatures of the impulsive phase.
• The formation of a CME can be triggered by the kink instability, with the subsequent acceleration of the CME driven by the repulsive current-current force in the current loop, e.g., as in the torus instability.
• Magnetic helicity can build up in a prominence until a threshold is reached, resulting in the instability that leads to a CME that carries away the excess helicity.
Such a current-based model for solar flares can be simplified and reduced to a small number of parameters, allowing scaling of the model. Such scaling is relevant not only for solar flares, which occur with a wide range of energy output, but also for flare stars, superflares on solar-like stars and other examples of magnetic explosions. Ignoring numerical factors of order unity, the stored magnetic energy can be approximated by µ 0 ℓI 2 , where ℓ is a scale length and I is the current flowing through the corona. The energy released in a magnetic shrinkage at constant I is then proportional to µ 0 ∆ℓI 2 , where −∆ℓ is the change in ℓ that results from the shrinkage. Assuming ∆ℓ ∝ ℓ, the characteristic time scale for the energy release is T = ℓ/v A . An additional assumption is required to determine how the current scales. The current must be confined by the potential magnetic field: for example, in a cylindrical model for a flux tube of radius R this implies that the maximum current scales as I = 4πRB/µ 0 . Assuming that the current is close to this maximum value is the additional assumption needed. The available magnetic free energy is µ 0 ∆ℓI 2 = µ 0 ∆ℓ(4πRB/µ 0 ) 2 for this maximal current, and this scales ∝ (B 2 /2µ 0 )R 2 ℓ, as expected in a model that emphasizes B rather than I. If one makes the further scaling R ∝ ℓ, this simple version of the model involves only the parameters ℓ, I, v A . The wide range of energy, µ 0 ℓI 2 , is presumably due to a wide range of I in different flares. However, it is in connection with speculations about the largest flares that such scaling is of most interest.
Consider a superflare on a solar-type star involving an energy release two to three orders of magnitude larger than in a large solar flare. Suppose that the B in emerging flux is fixed, as is approximately the case in all emerging flux on the Sun (B ≈ 0.1 T). Assuming maximal current, the energy release scales as B 2 R 2 ℓ ∝ B 2 ℓ 3 , which is the same as the scaling inferred by Shibata et al. [2013] based on scaling of the magnetic energy. For example, a superflare requires a starspot an order of magnitude larger than a typical sunspot. Assuming v A is the same as in the solar corona, the duration of the energy release scales as ℓ, so that the duration of such a superflare would be an order of magnitude longer than a solar flare.
Another example of a magnetic explosion is an outburst on a magnetar [Duncan and Thompson, 1992; Woods and Thompson, 2006] ; existing models for such outbursts are based on scaled models for solar flare [Lyutikov, 2003 [Lyutikov, , 2006 Parfrey et al., 2012; Elenbaas et al., 2016] . Scaling the model envisaged here, assuming a surface magnetic field of order 10 10 T, a scale length ℓ = 10 3 m of order one tenth the stellar radius, the scaling factor for the maximum current of order 10 7 implying a scaling factor for the energy is of order 10 14 compared with a solar flare, whereas a more realistic value is of order 10 10 . This suggests that the currents involved in a magnetar outburst are only a small fraction (≈ 1%) of the maximum current that can be confined by the magnetic field. However, the application of any flare model to magnetar outbursts needs further critical discussion, and the scaling suggested here is only indicative.
